In order to realise the potential of graphene nanocomposites it is vital to control the degree of dispersion and achieve a strong graphene/polymer interface. Herein, we developed a facile 'grafting to' functionalisation approach for graphene nanoplatelets. NH2-terminated graphene nanoplatelets (NH2-GNPs) prepared by a diazonium coupling were used as a 'platform' to covalently graft PMMA chains to the surface of graphene through an amidation between the -NH2 groups and PMMA chains (PMMA-NH-GNPs). A degree of PMMA grafting of ~3.8 wt.% (one chain per ~40 carbon atoms) was found to both improve the dispersion of the GNPs in a PMMA matrix and give strong graphene/polymer interfaces compared to asprovided GNPs. Thus, 2 wt.% of PMMA-NH-GNPs in PMMA was found to increase the elastic modulus, strength and strain at break of PMMA, whereas the incorporation of unmodified GNPs showed poor levels of reinforcement at all loadings. Furthermore, Tg and Td of PMMA were increased by 15 °C and 29 °C, respectively, by adding 5 wt.% of PMMA-NH-GNPs, whereas incorporating unmodified GNPs led to smaller increases. This work offers the possibility of controlling the properties of graphene/polymer composites through * Corresponding authors. cristina.valles@manchester.ac.uk; Tel: +44(0)161 306 1454 ian.kinloch@manchester.ac.uk; Tel: +44(0)161 306 3615 2 chemically tuning the graphene/polymer interface, which will have broad implications in the field of nanocomposites.
Introduction
Since its isolation, graphene has attracted strong interest for a range of applications, including composite materials, transistors, electronics, supercapacitors, hydrogen storage and solar cells [1] [2] [3] . Graphene-related materials (GRMs) are of particular interest to the field of polymer composites due to GRMs' exceptional mechanical, electrical and thermal properties.
However, to achieve this potential, good dispersions of the flakes in the polymer matrix and strong interfaces between both components are required. Gong et al. [4] used Raman spectroscopy to monitor the stress transfer efficiency and breakdown of the graphene/polymer interface, finding that the graphene/polymer stress transfer depended on both s (i.e. aspect ratio of the graphene) and the parameter n (widely accepted as an effective measure of the interfacial stress transfer efficiency, i.e. the degree of interaction that graphene has with the polymer matrix). They probed that the interface between unfunctionalized graphene and polymer is very weak and ns > 20 is required for a sufficient reinforcement of the polymer. Relatively large graphene flakes will be thus needed before efficient reinforcement can take place in a graphene/polymer composite (> 20 µm, as we probed experimentally in PMMA and PP matrices [5, 6] ). Alternatively, chemical modification of the surface or edges of the graphene flakes may significantly strengthen the interface between graphene and polymer, reducing the critical length (thus s) and increasing n. We recently showed that graphene oxide (GO) has a stronger interface with poly(methyl methacrylate) (PMMA) relative to un-functionalized graphene. This strong interface was reasoned to be due to the presence of the high number of oxygen-containing functionalities on the surface of the GO flakes [6, 7] . However, it was found that at loadings above 1 wt.% the flake-flake interactions began to dominate over flake-polymer interactions, leading to the formation of 3 agglomerates through π-π and van der Waals interactions. These aggregates inevitably caused the deterioration of the mechanical performance of the final composite. The controlled grafting of functional groups to the graphene related materials (GRM) surfaces could prevent the agglomeration of graphene sheets through steric stabilisation, whilst still promoting a strong filler/polymer interaction, which will promote enhanced mechanical and thermal properties for the composites.
The grafting of aryl groups by reduction of the corresponding diazonium salts, previously used for carbon nanotubes (CNTs), pyrolytic graphite, glass carbon electrodes, etc. [8, 9] , has been recently applied to GO-derived materials [10] [11] [12] with the objective of improving the thermal and mechanical properties of polymer composites through enhanced compatibilities between filler and polymer. However, in order to achieve stable dispersions of graphene and optimize the microstructure of the nanocomposites, polymer functionalization of the graphene surface is often necessary, particularly when non-polar polymers are used as the host matrix [13] . The incorporation of polymer grafted GO materials into host polymers of different nature has been reported to improve their compatibilities and filler/polymer interfaces, leading to enhanced mechanical and/or thermal properties of the nanocomposites.
For example, the incorporation of polyetheramine-functionalized GO into an epoxy resin was reported to render significant enhancements of the mechanical properties of the epoxy (up to 63% in tensile strength and 90% in toughness for 0.5 wt.% filler loading), as well as of the thermal properties (the glass transition temperature, Tg, of the polymer was found to increase with the addition of this filler) [14] . Epoxy-grafted-GO was recently shown to form chemical bonds with a polycarbonate (PC) matrix, leading to increases of the Young's modulus and tensile strength by 52.3% and 5.3%, respectively, for 0.5 wt.% loaded GO-epoxy/PC composite, showing also increased thermal stabilities with low loadings of epoxy-grafted-GO [15] . Similarly, nylon 6-grafted-GO/nylon 6 composites prepared using an in-situ 4 polymerization method were reported to improve the modulus of the compounds by 139% with the incorporation of 0.015 wt.% of the grafted GO in the polymer matrix, as well as to increase the degradation and the melting temperatures of the polymer [16] .
Improving the compatibility and interface between carbon nanomaterials and thermoplastic polymers is challenging due to the polymers' low polarity and passive surface chemistry. However, an approach for preparing PMMA-functionalized-exfoliated graphene (GPMMA) via in situ free radical polymerization can be found in the literature [17] . In that work, the PMMA/GPMMA composites showed simultaneously improved Young's modulus, tensile stress, elongation at break and thermal stability by adding only 0.5 wt.% of GPMMA, which the authors attribute to a good dispersion of GPMMA and strong interfacial adhesion between GPMMA and the PMMA matrix. Chemically reduced GO sheets grafted with PMMA polymer by an emulsion polymerization have been also recently reported to give an efficient stress-transfer in the composites through an improved dispersion and strong sheet/matrix interfacial interaction [18] . In a different work, PMMA chains were 'grafted from' the GO surface via atom transfer radical polymerization (ATRP), improving the toughness and thermal stability of the composites through strong interfacial interactions between filler and host polymer [19] . These reported 'grafting from' methods (i.e. in-situ polymerization and ATRP) do not offer an easy up-scalability though, with alternative 'grafting to' methods emerging as more appropriate for industrial applications. Only one report [20] on the chemical grafting of PMMA chains to the surface of GO, leading to increases in Young's modulus and yield strength of a polyvinylidene fluoride and an acrylonitrile butadiene styrene polymer blend through an improved compatibility between the immiscible pair of polymers and improved stress-transfer at their interface, has been reported so far to the best of our knowledge. Crucially, almost all the studies discussed above report the modification of GO derived materials, which have intrinsic functional groups on their 5 surfaces that facilitates the grafting reactions. It is important for industrial applications that alternative grafting techniques are developed for commercially available GNPs, since GNPs are significantly cheaper than GO and have no need for reduction to remove defects and restore the electrical and thermal conductivities.
We report here the first, highly scalable 'grafting to' method for the fabrication of covalently-bonded, polymer-functionalized commercially available graphene. This grafting is achieved by combining a diazonium addition reaction to give -NH2 terminated GNPs (-NH2-GNPs) with an amidation between the -NH2 terminated GNPs and PMMA chains, to give PMMA grafted GNPs (PMMA-NH-GNPs). This process is specifically designed to reinforce PMMA composites through enhanced interfaces between filler and polymer in which the 'grafted' polymer chains are acting as 'bridges', connecting strongly both components of the composite and creating a 'continuity' between filler and matrix. GNPs/PMMA and PMMA-NH-GNPs/PMMA composite systems at loadings from 0.5 wt.% to 5 wt.% were prepared using the solvent method. The microstructure, thermal, mechanical and electrical properties of these composites were evaluated and related to the different surface chemistry of the GNPs and, thus, to the different graphene/polymer interfaces.
Experimental.

Synthesis of NH2 terminated graphene nanoplatelets (NH2-GNPs)
NH2 terminated graphene platelets (NH2-GNPs) were synthesized by a nucleophilic substitution reaction through a spontaneous diazonium coupling reaction. In a typical reaction, 150 mg of graphene nanoplatelets (GNP-M25 from XG Sciences, with lateral dimension and thickness of ~25 µm and ~6 nm, respectively, quoted by the manufacturer) was initially suspended in 125 ml of acetonitrile (CH3CN) together with 1.5 g of p-phenylene diamine and heated up to 60 °C under mechanical stirring. Once this temperature was reached, 2 mL of isoamylnitrite were added to the mixture and left to react under mechanical 6 stirring for 24h. The resultant solid was then separated by vacuum filtration, rinsed first three times with CH3CN and then three times with EtOH and left to dry at room temperature. This material was labelled as NH2-GNPs. (Both reaction time and reactants ratio were previously optimized, details in Fig.S1 , SI).
Synthesis of PMMA grafted graphene nanoplatelets (PMMA-NH-GNPs)
NH2-GNPs and PMMA powders (50/85 mg) were dispersed together in chloroform (CHCl3) and the mixture was stirred at 70 °C for 24 h. After that time, the reaction mixture was cooled down to room temperature, filtered to collect the resultant powder, washed with 50 mL of CHCl3 and dried. This material was labelled as PMMA-NH-GNPs.
(PMMA-NH-GNPs/PMMA) composite preparation
The appropriate amount of filler (PMMA-NH-GNPs or GNPs) and 1 g of PMMA were dissolved in 15 mL of CHCl3 using mechanical stirring at room temperature for 30 minutes to prepare composite materials (PMMA-NH-GNPs/PMMA or GNPs/PMMA) at various loadings from 0.5 to 5 wt.%. Composite films were prepared by depositing these dispersions on a Teflon dish using the solvent-casting method, followed by complete removal of the solvent and peeling-off of the composite films. Specimens with the desired shapes and sizes were cut out of these composite films for characterization.
Characterization of the graphene materials and the composites
Scanning Electron Microscopy (SEM) was used to characterize the microstructure of the composite materials using a Zeiss Ultra 55 FEG-SEM. Differential scanning calorimetry (DSC) was employed for the determination of the glass transition temperature (Tg) of the neat PMMA and the composites using a TA Q2000 DSC. Samples with a mass of approximately 10 mg were heated to 200 °C at a rate of 10 °C /min and held there for 3 minutes, in order to erase any thermal history. Subsequently, the samples were cooled to 25 °C at a rate of 10 °C /min. The samples were then heated at 10 °C/min in order to clearly observe the Tg. 7 X-ray photoelectron spectroscopy (XPS) was carried out using an Axis Ultra Hybrid spectrometer (Kratos Analytical, Manchester, United Kingdom), using monochromated Al Kα X-ray radiation at 1486 eV (10 mA emission at 15 kV, 150 W), under ultra-high vacuum at a base pressure of 1 x 10 -8 mbar. Samples were pressed onto conductive copper tape. A charge neutraliser was used to remove any differential charging at the sample surface.
Calibration of the binding energy (BE) scale was performed using the C 1s photoelectron peak at ~ 284.5 eV for graphitic carbon. Spectral deconvolution was performed using CASAXPS (www.casaxps.com) with Shirley-type backgrounds. Graphitic carbon was fit with an asymmetric peak shape analogous to those used to fit metallic peaks, due to the high conductivity of this carbon species. Graphitic carbon also exhibits a signature broad spectral feature between approximately 290-295 eV (a BE region where no other carbon species are expected), associated with excitation of the π-π* transition, which was fitted with one broad peak. While the choice of asymmetry factors for graphitic carbon is not well prescribed, they were optimized to fit the C1s spectrum for unmodified GNPs (where the spectra showed a minimal amount of other carbon species), and this was then applied to all spectra and found to yield satisfactory fits for all the C1s spectra consistently. This self-consistency between the spectra allowed for the relative amounts of graphitic carbon compared to other carbon species between unmodified and modified GNPs to be obtained. Other carbon species required for adequate fitting of the spectra included hydrocarbon at ~ 284.8 eV (fixed at an offset in BE of 0.3 eV from graphitic carbon, given the close proximity of the peak positions), C-N at approximately 285.5 eV, C-O at approx. 286.5 eV, C=O at ~ 289 eV, and finally the broad shakeup feature above 290 eV.
Thermogravimetric analysis (TGA) was performed at a heating rate of 10 °C/min under nitrogen using a TGA Q500 (TA Instruments). Stress-strain curves were obtained from dogbone shaped specimens using an Instron 1122 machine, using a tensile rate of 0.05 mm/min 8 and a load cell of 500 N. Micromechanical characterization was performed to follow interfacial stress-transfer in the nanocomposites. The shift of the Raman bands of graphene can be followed during deformation and it has been used to evaluate stress-transfer from the polymer matrix to the graphene reinforcement [4, 21] . In-situ Raman spectroscopy was performed on the nanocomposites deformed in four-point bending mode using a low-power 633 nm HeNe laser in the Renishaw 2000 spectrometer, with the Raman laser beam polarized parallel to the tensile axis. A strain gauge attached to the surface of the specimens was used to determine the strain applied. Atomic force microscope (AFM) images were acquired by using Dimension 3100 (Bruker) for the as-received nanoplatelets and NanoWizard 4 (JPK Instruments) for the functionalised graphene.
The impedances of the polymer and composites were tested on 6 mm x 6 mm x 0.2 mm films specimens using a PSM 1735 Frequency Response Analyzer from Newtons4th Ltd connected with Impedance Analysis Interface (IAI) at the range of frequencies from 1 to 10 6 Hz. The specific conductivities (σ) of the materials were calculated from the measured impedances using:
where Y*(ω) is the complex admittance, Z* is the complex impedance, t and A are the thickness and cross section area of the sample, respectively.
Results and discussion
Polymer chains grafting to the GNPs
NH2-terminated graphene nanoplatelets (NH2-GNPs) prepared by a simple diazonium coupling were used here as 'platform' to graft the PMMA chains covalently to the nanoplatelets through an amidation between -NH2 groups and the PMMA chains to render PMMA-NH-GNPs (PMMA undergoes this hydrolysis reaction due to the presence of methacrylic acid comonomer, as shown in the supplier's FT-IR), as schematically represented in Figure 1 . are in close proximity, they eventually couple to each other and a covalent bond is formed between them. Raman spectroscopy, XPS and TGA analysis gave evidence of a successful diazonium coupling between the GNPs and the p-phenylene diamine, leading to the synthesis of NH2-terminated graphene nanoplatelets through a similar mechanism to the one described by Dyke et al. [22] .
The increased ID/IG values revealed by Raman spectroscopy for the NH2-GNPs relative to the starting GNPs ( Fig. 2a ) suggested a successful attachment of the -NH2 groups to the nanoplatelets, since the functional groups are detected as defects on the carbon network by Raman spectroscopy. (The materials had been thoroughly rinsed, which further suggests covalent functionalization rather than just surface absorption). TGA analysis performed on the NH2-GNPs (Fig. 3a) showed a weight loss of ~2.7 wt.% between 160 °C and 210 °C, which we relate to the removal of the -NH2 functional groups attached to the GNPs (i.e. the thermal decomposition of p-phenylene diamine), and further evidenced the successful attachment of the diamine groups to the GNPs. In order to probe that this attachment occurs through the formation of covalent bonds, XPS analysis is required. High resolution XPS C1s spectra ( Fig. 2b-d On the second step of the chemical procedure PMMA chains were 'grafted to' the GNPs through an amidation between the attached -NH2 groups and the PMMA chains to give PMMA-NH-GNPs ( Fig. 1 ). Evidence of a successful grafting of the PMMA chains to the GNPs was given by Raman spectroscopy, XPS and TGA (Raman and TGA can only give evidence of a successful functionalization of the GNPs, whereas XPS gives evidence of a covalent attachment). Raman spectra showed an increase in ID/IG relative to that found for the as-received GNPs (Fig. 2a ), which suggested successful grafting of the polymer chains, since they are detected as defects on the carbon network by Raman spectroscopy (the slightly higher ID/IG found for the PMMA grafted GNPs relative to the NH2-GNPs must be related to 13 the incorporation of defects and/or some additional functional groups or polymer chains physically adsorbed onto the surface of the flakes). In agreement with the Raman results, TGA analysis revealed a degree of polymer grafting of ~3.8 wt.% (given by the difference in weight loss found for the PMMA-NH-GNPs relative to GNPs at ~400 °C, which is the PMMA degradation temperature, Fig. 3a ). XPS results revealed increased amounts of C-N (due to the covalent bonding between PMMA chains and NH2-GNPs), as well as increased amounts of C-O, C=O and -COO (from the PMMA chains) for the PMMA-NH-GNPs (at.% determined by XPS compiled in Table S1 ; high resolution XPS N1s spectra shown in Fig.S2 , SI), which gave strong evidence of an amidation between the -NH2 functional groups covalently bonded to the GNPs and the PMMA chains as the 'grafting to' mechanism. (As a control experiment, an identical reaction was performed on the as-received GNPs with no -NH2 groups attached and no PMMA grafting could be observed, Table S1 in the SI, which further evidences that the suggested 'grafting to' mechanism happens through the -NH2 groups). In addition, XPS analysis revealed the incorporation of ~2 atoms of O per atom of N in the NH2-GNPs during the grafting reaction, which corresponds to the attachment of one polymer chain per -NH2, i.e. a degree of grafting of one polymer chain per ~40 atoms of C. In the field of composites it is important to gain control on the degree of the functionalization/grafting of the surface of the filler in order to 'design' the optimal graphene-polymer interface (a combination of a strong affinity between graphene and polymer and weak flake-flake interactions is required). We expect that the grafting of PMMA chains on the surface of the GNPs will enhance the compatibility/affinity between filler and polymer through chemical interactions due to a similar nature between the grafted polymer chains and the polymer matrix. The idea of controlling the level of grafting by controlling the level of oxidation of the starting graphene nanoplatelets should be kept in mind for future work. 14 
GNPs/PMMA and PMMA-NH-GNPs/PMMA composites
Both as received unmodified GNPs and the PMMA grafted GNPs (i.e. PMMA-NH-GNPs)
were incorporated into a PMMA matrix using a solvent casting method at loadings from 0.5 to 5 wt.%. The microstructure, thermal, mechanical and electrical properties of the composites were evaluated and related to both the dispersion of the flakes in the host polymer matrix and the strength of the graphene-polymer interface.
Microstructure
The microstructure of specimens of neat PMMA and of the two series of composites at different loadings were evaluated by SEM, and representative micrographs of the fracture sections are presented in Fig.4 (SEM micrographs of the top surface of the specimens are shown in SI, Fig. S3 ). Fig.4 reveals a smooth surface for the neat PMMA specimen, whereas rougher surfaces were found for the composites at the studied loadings, with this 'roughness' increasing with 15 loading of both modified and unmodified nanofillers. Fig.4 (a-c) shows the presence of agglomerates of GNPs for the GNPs/PMMA composites at all loadings studied, from a loading as low as 0.5 wt.% and showing increasing amounts of agglomerates at higher loadings. (In thin composite films, below 1mm thick, prepared using the solvent-casting method, the effect of a different density between filler and polymer must be also contributing to this non-homogeneous distribution observed by SEM). However, for the PMMA-NH-GNPs/PMMA composites ( Fig.4(d-f) ) much lower levels of agglomeration were observed at all the loadings studied relative to the GNPs/PMMA ones with identical loadings. (At 0.5
wt.% content of PMMA-NH-GNPs, Fig.4d , practically no agglomerates could be found,
whereas only a few agglomerates were observed at 5 wt.% loading, Fig.4f ). SEM micrographs revealed, thus, improved dispersions for the PMMA grafted GNPs based composite system relative to the unmodified GNPs based one at all loadings studied. (This finding is supported by optical microscopy images of composites films at low loadings, as shown in Fig. S7 ). We relate this observation to an enhanced interaction/compatibility between graphene and host polymer after grafting PMMA chains to the GNPs. (We consider that this enhanced compatibility plays an important role in overcoming the different density issue between filler and polymer commented above, and it is expected to have important implications in the mechanical performance of the overall composites).
In addition, high-resolution SEM micrographs (Fig.S4) show the few-layered structure typical of the GNPs employed here in one flake embedded into the host polymer, which suggested no exfoliation of the nanoplatelets taking place during the process of functionalization, in agreement with X-ray diffraction performed on both as-received and chemically-modified GNPs (Fig.S5 ). 16 
Thermal properties and non-oxidative thermal stability of the composites
DSC analysis was performed on the two series of composites (GNPs/PMMA and PMMA-NH-GNPs/PMMA) and the results are shown in Fig.5 . The values found for the glass transition temperature (Tg) of all the composites prepared were higher than that found for the pure polymer, and they were found to increase with loading up to 5 wt.%. In general, increased values of Tg for the nanocomposites with respect to neat polymer are typically related to the presence of attractive interactions or enhanced interfacial adhesion between the polar functional groups of the filler and the polymer, due to a chemical bond or other type of interaction between the host polymer and the surface of the filler [23] [24] [25] . Fig.5c ). We attribute the higher Tg found for the polymer grafted GNPs based system to better dispersions and enhanced interfacial interactions between graphene and host polymer relative to the unmodified GNPs, which becomes more evident with increasing filler contents. Similar increases (~15 °C) in the Tg of polystyrene (PS) were found for PS-grafted-GO/PS composites prepared by ATRP [26] , whereas a maximum increment of ~24 °C was reported for polymer-grafted-GO/polyimide composite films prepared by in-situ polymerization [27] .
This behaviour is attributed to the uniformly dispersed large aspect ratio graphene sheets with strong interfacial adhesion between filler and polymer, in total agreement with our observations. other methyl methacrylate copolymers). Furthermore, TGA analysis revealed higher values for the thermal degradation temperature of the PMMA (Td, defined here as the temperature at 30% weight loss) with increasing loading of both fillers (Fig.3d ). The improvement observed in the thermal stability of the polymer must be attributed to the formation of a high aspect ratio, heat-resistant graphene network in the host polymer matrix that acts as a barrier inhibiting the emission of small gaseous molecules and restraining the attack of free radicals generated during the thermal decomposition of the polymer, slowing thus the non-oxidative thermal degradation of the nanocomposites compared with the neat polymer [7, 28] . For the composites prepared with PMMA-NH-GNPs this effect is considerably more pronounced relative to the ones prepared with unmodified GNPs (Td of the polymer was increased by ~29
°C with the addition of 5 wt.% loading of PMMA-NH-GNPs, whereas it was observed to increase only by ~7 °C for an identical loading of unmodified GNPs), showing superior thermal stabilities. We attribute this observation to the existence of stronger interfaces between filler and host polymer for the modified GNPs, facilitating the capture of the radicals. These results are in agreement with other works reporting improved thermal stabilities of epoxy-grafted-GO/PC [15] and PMMA-grafted-GO/PMMA [19] composites, which the authors also attribute to stronger interfaces achieved through polymer grafting of the graphene nanofillers.
Mechanical properties of the composites (Tensile testing).
The mechanical properties for both series of composites were evaluated by tensile testing.
The results show a glassy polymeric behaviour for the neat polymer and all the composites prepared here (Fig.6 ). The addition of as-received non-functionalized GNPs into the PMMA matrix led to a very poor reinforcement of the matrix at all studied loadings (only an increase in modulus by ~7% could be observed at 0.5 wt.%, with deterioration of the mechanical performance at higher contents). However, the incorporation of PMMA-grafted GNPs into the polymer was found to lead to important reinforcements, with a maximum increase in the modulus of the polymer of 24% found for the optimal 2 wt.% loading. No further reinforcement was observed at higher loadings though due to the formation of agglomerates of PMMA-NH-GNPs, as revealed by SEM, Fig.4 . (The formation of agglomerates of 19 graphene through π-π interactions and van der Waals forces has been widely observed and reported in similar polymer composites). 
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Since a linear increase of modulus was found up to the optimal 2 wt.% loading for the PMMA grafted GNPs system, the rule of mixtures could be applied to determine the effective modulus (Ef) of the fillers in the nanocomposites using:
Equation (2) where Ec is the Young's modulus of the composite, Ef, Em are the Young's modulus of the filler and matrix, respectively, and Vf and Vm are the volume fractions of the filler and the matrix, respectively, within the nanocomposite (with
). The rule of mixtures has been widely employed to determine the effective modulus of graphene materials, Eeff, in similar systems [29] , which could be calculated from Ef using Equation (3):
Equation (3) where η0 is the Krenchel orientation factor that depends on the average orientation of the particles [30] and ηl is the length parameter which accounts for poor stress-transfer at the filler-matrix interface for particles with small lateral dimensions (ηl = 1 for perfect stresstransfer and ηl = 0 for no stress-transfer). For this calculation we employed η0 = 8/15 [31] since SEM micrographs revealed a random orientation of the GNPs in the polymer matrix at all loadings studied of the two series of composites (results from polarized Raman spectroscopy, shown in the SI, revealed that very weak levels of orientation of the flakes in the matrix are promoted during the preparation of these composites, which can be thus ignored for these calculations), and ηl = 1 assuming a perfect stress-transfer. From the slopes of the lines up to the optimal loading in Fig.6c values of Ef = 24 GPa and Eeff = 45 ± 26 GPa were determined for the PMMA grafted nanoplatelets, which are higher than those found for the non-modified GNPs (Ef = 6 GPa and Eeff = 11 GPa).
Although the tensile testing results revealed good levels of reinforcement for the PMMA-NH-GNPs/PMMA composites (considerably superior than those found for the non-modified GNPs based composites), the effective modulus found here for this filler was still much lower than the 350 GPa theoretically predicted for the mechanical modulus of GNPs [32, 33] .
Young et al. [32] recently developed a theory which explains why it is not possible to realise the promised 1 TPa or 350 GPa moduli for graphene or GNPs, respectively, in low modulus polymeric matrices. This theory predicts that the Young's modulus of a nanocomposite will be independent of the Young's modulus of the nanofiller, and highlights the importance of three structural parameters: (i) aspect ratio of the nanofiller, (ii) orientation of the nanofiller, and (iii) strength of the interface with the matrix (the theory shows that a strong nanofillermatrix interface leads to good stress-transfer and hence better reinforcement than a weak interface). Even though the effective modulus found here for the polymer-grafted-GNPs is relatively low, the enhanced dispersions and strong filler-polymer interfaces achieved by grafting polymer chains on the reinforcements was found to lead to important levels of reinforcement, which suggests the importance of modifying chemically the interface between filler and host polymer to achieve very good mechanical performance, in agreement with the theory commented above.
Interestingly, a progressive increase of both strain (~13%) and stress at break (~28%) with loading was also observed up to the optimal 2 wt.% loading of the PMMA-grafted-graphene, whereas no improvement on either the stress or the strain at break was found when the nonfunctionalized GNPs were incorporated into the matrix at all studied loadings ( Fig.6) , similarly to previously reported graphene/polymer or GO/polymer composites [29] , which were typically related to the formation of agglomerates at the interface acting as failure points. The enhanced interface between GNPs and PMMA achieved through polymer grafting of the flakes must be the responsible for the enhanced stress and strain at break observed here, in agreement with other work reporting significant enhancements in the mechanical properties of polymer matrices with the addition of small amounts of polymergrafted-GO materials [14-16, 18-20, 34] . 22 In general terms, the mechanical behaviour of both unmodified and PMMA-grafted GNPs were found similar to each other at low loadings (~0.5 wt.%), whereas at higher loadings the PMMA-grafted-GNPs system showed a superior mechanical performance, in agreement with our results from DSC (the values for Tg were higher for the grafted-GNPs/composites above 0.5 wt.% content). This observation suggested a relatively good dispersion of the unmodified GNPs at loadings below 0.5 wt.% (evidenced by SEM, Fig.4) , with agglomeration and subsequent deterioration of the thermal and mechanical performance at higher contents. The superior mechanical performance observed for the PMMA-grafted-GNPs at loadings above 0.5 wt.% must be attributed to a combination of better dispersions of the flakes in the host polymer relative to the unmodified GNPs (up to 2 wt.% loading) and stronger flake-polymer interfaces. The different surface chemistry of the flakes must be the responsible for this findings, since no other significant modifications on the structure of the flakes could be found (X-Ray diffraction revealed that no exfoliation happened during the chemical procedure described in this work, whereas AFM characterization showed no significant variation on the dimensions of the flakes during the process, as shown in SI). AFM showed the presence of thicker flakes after PMMA grafting though, which we relate to the formation of a PMMA 'layer' covering the surface of the flakes, which must be the responsible for the improved filler-polymer interface observed.
In general, the composites based on PMMA-NH-GNPs presented here show better mechanical performance relative to previously reported works which use unfunctionalized GNPs, graphene oxide, CNTs or other inorganic nanofillers. The use of unmodified GNPs in PMMA was probed to lead to important increases in the Young's modulus of the polymer (78 %) up to high loadings (~20 wt.%) [6] , whereas the use of graphene with a chemically modified surface was probed to effectively reduce the amount of graphene filler required to achieve comparable levels of reinforcement. (Indeed, ~1 wt.% was typically found as the optimal loading for GO/PMMA composites [7] , reaching ~37 % improvement in modulus and 22 % in strength (relative to pure polymer), with deterioration of the mechanical properties of the overall composite at higher loadings due to the formation of agglomerates of GO in the matrix). The presence of functionalities on the surface of graphene promotes simultaneously both strong graphene-polymer and graphene-graphene interactions: at loadings below 1 wt.% the graphene-polymer interactions dominate the system, leading to good dispersions of the GO in the polymer matrix and, thus, to enhanced mechanical performance, whereas at higher loadings the flake-flake interactions are dominating the system and the formation of agglomerates through π-π interactions deteriorate the mechanical properties of the composites. Grafting PMMA chains on the surface of the GNPs provides an improved compatibility between filler and polymer while reducing the flake-flake interactions, which leads to increased optimal loading (2 wt.%). Although the increment in modulus (24%) is slightly lower than that observed for GO (37%), the tensile stress and strain are considerably higher than those observed for the GO/PMMA system. (Composites based on graphene and other related materials typically show a very brittle behaviour and they do not typically increase the stress at break either, due to the formation of small agglomerates in the matrix acting as failure points [29] . However, the PMMA-grafted-GNPs reported here led to increments of both these properties).
The results reported here are also superior to those typically observed when using CNTs as fillers in thermoplastics, mainly due to the difficulty to achieve good dispersions of CNTs in the polymer matrix at high loadings combined with a lower processability, relative to graphene related materials. In general, CNTs-based PMMA composites require higher loadings of filler (≥ 3 wt.%) to observe increased moduli and strengths, while elongation at break is not enhanced due to the brittle nature of these materials [35, 36] . Strength of the composite was found to improve at lower CNTs loading using functionalized nanotubes 24 compared to unfunctionalized nanotubes [37, 38] , due to improved dispersions, although no improvements in the elongation at break were found. Finally, regarding the use of nanoparticles with different morphology to reinforce PMMA, a lot of work has been done in developing chemical strategies to modify the compatibility between PMMA and SiO2 nanoparticles, for example, in order to improve the dispersion and the mechanical performance through enhanced compatibility and polymer-filler interactions. These strategies have been reported to successfully lead to improved elastic modulus and scratch resistance [39] , surface hardness, flexural strength, impact strength as well as tensile strength and modulus [40, 41] in thin films. However, this enhanced mechanical performance still has to be probed in bulk composite materials to be attractive from an industrial point of view. This discussion evidences that the particle size and dispersion definitely play an important role by tuning the surface load transfer, which affects the final materials load capacity. Graphene materials lead to considerably better mechanical performances (including modulus, strength and strain at break) due to higher surface area and 2D nature, relative to CNTs and other inorganic nanoparticles, through improved interfaces and larger surfaces for chemical modification.
Stress-induced Raman Band Shifts.
The nature of the interface between GNPs and the host polymer in the two composite systems studied was evaluated by Raman spectroscopy. In order to understand the observed mechanical behaviour and the mechanics of these reinforcements, we evaluated the stresstransfer at the graphene-polymer interface, using Raman spectroscopy. Fig.6f shows the position of the Raman G band determined in the nanocomposites as a function of strain for 1 wt.% loaded composite specimens. The rate of the shift of the Raman bands with the applied strain in a nanocomposite is known to be proportional to the effective Young's modulus of a graphene-based reinforcement [4, 21] . The knowledge of the Grüneisen parameter for 25 graphene [42] , which revealed a Raman G-band rate shift of -30 cm -1 /% strain for a sheet of graphene with a Young's modulus of 1050 GPa [43] , allows us to determine the effective Young's modulus of our graphene filler from Raman spectroscopy (ER), using Equation (4):
is the G band rate shift in cm -1 per % applied strain.
Hence the slope of the lines observed in Fig.6f [29] ). There is no need to use the Krenchel orientation factor [30] in this case as the polarised laser beam detects predominately those flakes that are aligned parallel to the tensile axis [44] . This observation from polarized Raman gives a direct evidence of a stronger interface between graphene and polymer after polymer chain grafting relative to the unmodified GNPs based system, which is in agreement with the experimental evidence found above from the thermal and mechanical characterization performed on these composite systems. In addition, high resolution SEM images of the fracture surface of these two composite materials ( Figure S4 , SI) revealed that the flakes remain more embedded in the polymer matrix after fracture with less voids at the interface between the functionalized graphene flakes and the polymer matrix, relative to the as-received GNPs, which gives further evidence of a stronger interface/interaction between the functionalized GNPs and the polymer matrix. Due to the similar nature of the polymer chains grafted on the GNPs and the 26 polymer matrix chemical interactions between the chemically modified filler and the matrix are expected, which must be responsible for this better compatibility and stronger interface.
Electrical properties of the GNPs/PMMA and PMMA-NH-GNPs/PMMA composites.
The electrical conductivity of both GNPs/PMMA and PMMA-NH-GNPs/PMMA series of composites at loadings from 0.5 to 10 wt.% were tested and the results are shown in Fig.S6, in the SI. The GNPs/PMMA system behaved as 
Conclusions
PMMA grafted graphene nanoplatelets were successfully prepared using a simple diazonium coupling reaction to give NH2-terminated flakes followed by an amidation reaction between the NH2 groups and PMMA chains (PMMA-NH-GNPs) in order to improve the compatibility of graphene with a PMMA host matrix through stronger filler-polymer interactions. Raman spectroscopy, XPS and TGA analysis revealed successful covalent attachment, corresponding to 1 polymer chain per ~40 atoms of C. The polymer grafted graphene was found to render important improvements on the mechanical performance of PMMA composites (including improvements on the elastic modulus, stress and strain at break) up to the optimal 2 wt.% loading, whereas poor reinforcement was observed with the addition of unmodified GNPs at all studied loadings. In addition, enhanced thermal stabilities and increased Tg up to high loadings (5 wt.%) were found for the PMMA-NH-GNPs/PMMA system relative to both pure polymer and the GNPs/PMMA system. We attribute this higher mechanical and thermal performance of the polymer-grafted-GNPs system relative to the unmodified graphene based one to improved dispersions of the flakes in the host polymer matrix and stronger graphene/polymer interfaces, as revealed by SEM and Raman spectroscopy, respectively, caused by the polymer chains grafted to the graphene acting as 'bridges' and strongly connecting graphene and host polymer in the composites. This work offers the possibility of improving and controlling the physical properties and functionality of graphene/polymer composites through chemically tuning the graphene/polymer interface, which will broaden considerably the range of applications in the field of graphene based nanocomposites. The method developed here shows great potential for industrial applications due to an easy fabrication procedure, high productivity (> 70 wt.%) and the use of commercially available GNPs as starting material. Further work and investigation is still required, however, to optimize the process, maximizing the yield and minimizing both the use of solvents and the generation of waste products.
